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ABSTRACT

The glucocorticoid receptor (GR) binds the noncod-
ing RNA Gas5 via its DNA-binding domain (DBD)
with functional implications in pro-apoptosis signal-
ing. Here, we report a comprehensive in vitro bind-
ing study where we have determined that GR-DBD
is a robust structure-specific RNA-binding domain.
GR-DBD binds to a diverse range of RNA hairpin
motifs, both synthetic and biologically derived, with
apparent mid-nanomolar affinity while discriminat-
ing against uniform dsRNA. As opposed to dimeric
recognition of dsDNA, GR-DBD binds to RNA as a
monomer and confers high affinity primarily through
electrostatic contacts. GR-DBD adopts a discrete
RNA-bound state, as assessed by NMR, distinct from
both free and DNA-bound. NMR and alanine mutage-
nesis suggest a heightened involvement of the C-
terminal «-helix of the GR-DBD in RNA-binding. RNA
competes for binding with dsDNA and occurs in a
similar affinity range as dimer binding to the canoni-
cal DNA element. Given the prevalence of RNA hair-
pins within the transcriptome, our findings strongly
suggest that many RNAs have potential to impact GR
biology.

INTRODUCTION

The glucocorticoid receptor (GR) is a ubiquitously ex-
pressed DNA-binding transcription factor (TF) that di-
rectly regulates thousands of genes associated with stress
response, inflammation, and apoptosis (1-5). GR is often
dysregulated in disease and is the target of commonly pre-
scribed synthetic glucocorticoids used to combat a range of
disorders including rheumatoid arthritis, chronic obstruc-
tive pulmonary disease, and many cancer types, often as
part of a combinatorial treatment (6-9). Transcriptional
regulation by GR requires glucocorticoid binding in the
cytoplasm, triggering translocation to the nucleus and in-

teraction with the genome via the DNA-binding domain
(DBD). Direct genomic binding is typically associated with
transcriptional activation and DBD mutants show defects
in glucocorticoid response (10,11). DNA-binding by the
GR-DBD has been well-characterized; it is highly sequence-
specific, directly recognizing invariant guanine nucleotides
of two AGAACA half sites called the glucocorticoid re-
sponse element (GRE), and binds as a dimer in head-to-
head orientation with mid-nanomolar affinity (4,12—-18).

In contrast, RNA recognition by GR is relatively poorly
understood, although several reports detail GR binding to
biological RNAs including tRNA, mRNA, and Gas5 long
noncoding RNA (IncRNA) (19-22). The most intriguing
and thoroughly investigated example is the functional inter-
action between GR-DBD and Gas5 (19,20). Gas5 is highly
expressed upon growth arrest and stimulates cell death
through several pro-apoptotic roles (23-29). Gas5 has been
shown to negatively regulate miR-21, an anti-apoptotic mi-
croRNA upregulated in cancer, by acting as a microRNA
sponge (30,31). Additionally, Gas5 has been shown to act as
an RNA repressor of GR with pro-apoptotic consequence
(19,20). Downregulation of Gas5 has anti-apoptotic effects
in cell culture and is correlated with poor prognosis for
prostate and breast cancers (20,24,27,28).

A GRE-like element within Gas5 RNA is proposed to
repress GR by acting as a molecular decoy for the GR-
DBD (19,20). This mechanism is of acute interest as RNA-
binding activities of other DNA-binding proteins continue
to be uncovered. For example, the DBDs of YY1, SMAD3,
TFIIIA, NF-kB, and Kpnl (restriction enzyme) bind RNA
with varying levels of specificity that largely do not corre-
late with known DNA counterparts (32-43). Other tran-
scription factors have been implicated by high-throughput
RNA-binding proteomic studies, but the specificity and
mechanisms involved are still unknown (44-46).

Here, we use the Gas5-GR interaction as a platform to
probe the in vitro RNA-binding characteristics of GR-DBD
to understand the mechanism and rules of RNA-DBD in-
teraction. We find that GR-DBD binds to RNA hairpins
in a structure-specific rather than sequence-specific man-
ner. GR-DBD binds to RNA as a monomer and uses elec-
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trostatic contacts to confer high affinity. NMR studies sug-
gest that GR-DBD adopts a discrete RNA-bound state and
implicates the involvement of the C-terminal a-helix, con-
firmed by protein mutagenesis. Contrary to previous re-
ports, our results reveal that RNA-binding by GR-DBD is
not limited to Gas5 RNA and broadly implicate structured
RNAs in direct regulation of GR-mediated gene expression.

MATERIALS AND METHODS

Glucocorticoid receptor DNA-binding domain expression,
purification, and activity

The human glucocorticoid receptor DNA-binding domain
(residues 421-506) was expressed with a thrombin-cleavable
N-terminal hexahistidine tag using a pET28a (EMD Bio-
sciences) vector (generous gift from the Keith Yamamoto
Lab, UCSF). Protein expression methods were adapted
from established protocols (15). Starting with a single
transformed colony of BL21(DE3) Escherichia coli, ex-
pression cultures were grown at 37°C (with 50 pg/ml
kanamycin) using 2x YT rich media to an ODgyy of 0.8—
1.0 and cold shocked on ice for 20 min. Isopropyl B-D-
thiogalactopyranoside was added to a final concentration
of 0.3 mM to induce protein expression and cultures were
grown for 4-5 h at 25°C. Cells were harvested by centrifu-
gation (5000 RCF) and pellets stored at —20°C.

Cell pellets were thawed and resuspended in 50 ml lysis
buffer (20 mM Tris pH 7.5, 1 M NaCl, 10 mM imidazole
pH 7.5, 5% glycerol) per 1 1 of cells with one EDTA-free
protease inhibitor cocktail tablet (Roche). Cells were lysed
using a Misonix Sonicator 3000 (110 W for 2 min total ON-
time, pulse: 15 s ON/45 s OFF, % inch tip) and the lysate
cleared by centrifugation (15 000 RCF, 30 min). Cleared
lysate was loaded onto lysis buffer-equilibrated Ni-NTA
resin (GoldBio, 5 ml resin per 50 ml lysate) and rocked gen-
tly for 1 h at 4°C. The bead slurry was loaded onto a gravity
flow column and washed twice with increasing concentra-
tions of imidazole in lysis buffer (Wash1: 20 mM imidazole,
Wash2: 30 mM imidazole), then eluted with 300 mM im-
idazole in lysis buffer. Bovine a-Thrombin (Haematologic
Technologies Incorporated) was added (10 U/mg protein)
to the eluate to remove the hexahistidine tag. The eluate
solution was transferred to 6-8K MWCO dialysis tubing
(Spectra/Por — Spectrum Labs) and dialyzed overnight at
4°C in 4 1 of column buffer (20 mM Tris pH 7.5, 100 mM
NacCl, 5% glycerol, | mM DTT).

Dialyzed eluate was filtered to 0.2 wm and concentrated
using SK MWCO spin concentrators (Vivaspin Turbo). The
sample was again filtered to 0.2 microns and loaded onto a
HiLoad 16/600 Superdex 75 column (GE Healthcare) and
eluted as a monomer. Pooled fractions containing recom-
binant GR-DBD were assessed for purity, aliquoted, flash-
frozen, and stored at —70°C. One liter of media typically
yielded 2 mg of purified GR-DBD (¢ = 4470 M~ cm™)
(47).

GR-DBD preparations were assayed for activity by bind-
ing to dsSDNA GRE consensus using electrophoretic mobil-
ity shift assays (48). dSDNA was held constant at 10 pM
to 15 wM (1 nM fluorescently labeled) while GR-DBD was
titrated. Gels were imaged using a Typhoon Imager (GE
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Healthcare), quantified by ImageQuant, and activity cal-
culated assuming 2:1 protein to DNA stoichiometry. Ac-
tivity corrections typically ranged from 0.7 to 1.3-fold. N-
terminally His-tagged GR-DBD was used for some binding
experiments included in the supplemental data. Purification
was identical to above, with omission of thrombin prior to
dialysis. We found that the His-tagged version of GR-DBD
consistently bound RNA 6.4-fold tighter, thus affinities de-
termined with the His-tagged protein were adjusted for this
difference to allow comparison of relative binding affinities.
They are reported as Kp qj (equal to 6.4*Kp ,,p) Where rel-
evant.

Protein preparation for alanine mutants

GR-DBD mutants were created by site-directed mutagen-
esis by QuikChange protocols (Stratagene) and sequence-
verified. Purifications were performed using an abbrevi-
ated version of the protocol above and are identical up
to the dialysis step. After dialysis and thrombin cleav-
age, dialyzed eluate was filtered to 0.2 microns and incu-
bated with 0.5 ml buffer-equilibrated Ni-NTA beads for 1
h at 4°C, then eluted as flow-through and concentrated us-
ing SK MWCO spin concentrators (Vivaspin Turbo). Pro-
tein concentrations were determined by spectrophotom-
etry (Azg0) and independently validated using standard-
ized SDS-PAGE quantification. Affinity is reported as fold
change relative to wild type GR-DBD prepared for this as-
say.

Oligonucleotide preparation

All sequences used for binding experiments are listed in
Supplemental Table S1. DNA oligonucleotides were or-
dered from Integrated DNA Technologies (IDT) with stan-
dard desalting. For fluorescently labeled constructs used in
anisotropy measurements, the sense strand was synthesized
with fluorescein conjugated to the 5'-end. The labeled and
unlabeled complementary strands were annealed by slow
cooling (thermocycler: 95°C, then —0.1°C/s to 25°C) at 1
M in annealing buffer (20 mM Tris pH 7.5, 50 mM NacCl).

RNA oligonucleotides were prepared by in vitro tran-
scription using T7 RNA polymerase and dsDNA templates
created from IDT-synthesized oligonucleotides (49). After
transcription, RNAs were purified by denaturing polyacry-
lamide gel electrophoresis (1 x TBE/8 M urea) (50). Purified
RNA oligonucleotides were 3’-end labeled with fluorescein
S-thiosemicarbazide (FTSC) using protocols adapted from
published methods (51). 350 pmol RNA was treated with
sodium periodate (0.02 M) for 20 min at room temperature,
potassium chloride was added to 25 mM, incubated on ice
10 min and pelleted by centrifugation (14000 RCF, 20 min).
Supernatant was transferred to a clean tube, ethanol precip-
itated (with 20 pg glycogen), and washed with 70% ethanol.
The pellet was dried, then resuspended in labeling solution
(1.5mM FTSC, 100 mM sodium acetate pH 5.2), incubated
at 37°C for 1 h, ethanol precipitated, and washed with 100
wl of 70% ethanol 5 times. The RNA pellet was dried, then
resuspended in 30 pl of annealing buffer, passed through a
G-25 spin column, and stored at —20°C. Concentration was
determined by 4,60 and total RNA yield was typically 10—
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50% with ~20% labeling efficiency. Purity of the final sam-
ple was assessed by 10-15% denaturing PAGE and imaged
by fluorescence.

DNA and RNA samples were prepared for binding as-
says by annealing (dsSDNA or dsRNA constructs) or fast
refolding (RNA). For annealing, the labeled and unlabeled
strands were diluted to 1 wM in folding buffer (20 mM Tris
pH 7.5, 10 mM NaCl). RNAs were refolded at 1 wM by
snap-cooling (95°C for 1 min, ice for >5 min).

High-resolution thermal melts were used to verify RNA
hairpin and duplex formation. Nucleic acid samples were
prepared at 3 wM in melting buffer (1x SybrGreen I, 10
mM potassium phosphate, 100 mM NaCl). Thermal melts
were performed from 20°C to 95°C at 1°C increments (Ap-
plied Biosystems StepOnePlus). Melting temperatures were
determined by first derivative analysis. To predict the struc-
ture of Gas5 RNA in vivo, we used publicly available ic-
SHAPE data (GEO: GSE74353) as a restraint for RNA
folding (RNAprobing algorithm, Vienna Suite) (52,53).

Fluorescence anisotropy assays

All binding experiments were performed at least in triplicate
on different days with independent dilutions and remained
consistent across protein preparations. Apparent affinities
were measured at equilibrium by fluorescence anisotropy
(FA) methods adapted from published protocols (54). Er-
ror is reported as standard error from the mean. Reactions
were prepared in binding buffer (20 mM Tris pH 7.5, 100
mM NaCl, 5% glycerol, 0.01% IGEPAL). Protein titrations
(typical titration range: 10 uM to 0.02 nM) against labeled
nucleic acids (typically 1-5 nM) were performed in 384-well
plates (24 reactions per titration, 20 wl reactions) and al-
lowed to equilibrate for 1 h at room temperature. Polarized
fluorescence intensity values were collected with the CLAR-
IOstar High Performance Plate Reader (BMG) and used
to calculate anisotropy. Titrations were fit to the single-site
binding equation, 4 = O + (S*P)/(P + Kp), using Kalei-
daGraph, where P is the concentration of GR-DBD, 4 is
anisotropy, O is baseline offset for free oligonucleotide, and
S'is the value for fully bound oligonucleotide at saturation.
Our calculations operate under the assumption that protein
is in sufficient excess over labeled ligand to avoid an exact
treatment that requires accurate quantitation of all compo-
nents of the reaction. This assumption has been shown to be
valid in the regime where the ligand is in 5-fold excess; here
all reported Kp app values are at minimum 10-fold above the
concentration of respective ligand and thus well within ex-
perimentally determined limits (55). Typical anisotropy val-
ues for O (free) and S (bound) were 0.06 and 0.20 for DNA,
and 0.06 and 0.16 for RNA, respectively. Hill coefficients (n)
were calculated using the simplified Hill equation, 4 = O +
(S*P")/(P" + Kp).

Salt dependence experiments were adapted from pub-
lished studies (56). Affinity measurements were performed
with salt binding buffer (20 mM Tris pH 7.5, 0.01%
IGEPAL, 5% glycerol, with NaCl concentrations of 75, 100,
125, 150 and 175 mM). Double log plots were fit to a lin-
ear equation, log(K,) = log(Kj ne1) — N*log[NaCl], where N
(slope) is Z*0.7, Z is the number of electrostatic contacts,
and log(K, net) 1s the non-electrostatic component (56). This

analysis assumes an infinite line charge where individual
segments are effectively screened from each other (57,58)
which may not accurately predict the behavior of short
oligonucleotides, possibly causing an overestimation of the
energetic contribution of the non-electrostatic component.

NMR analysis

NMR samples were prepared at 1.2:1 nucleic acid to protein
ratio in NMR buffer (20 mM sodium phosphate pH 6.7,
100 mM NaCl, 1 mM DTT) (17). Protein and nucleic acid
were buffer exchanged separately then mixed at a volumet-
ric ratio of 1:1 and concentrated by 3K MWCO spin con-
centrator (Millipore) and D,O added to 10%. The sample
was transferred to a Shigemi NMR sample tube and equi-
librated to room temperature. The typical concentration of
GR-DBD was 150 wM.

NMR experiments were collected at 30°C on an Agilent
600 MHz NMR spectrometer equipped with an HCN triple
resonance warm probe using TROSY-HSQC Biopack pulse
sequences (nt = 128, ni = 256) with minor modifications.
Data were processed using standard processing parame-
ters with NMRPipe and analyzed with CcpnmrAnalysis.
Peak assignments were transferred to our spectra from pub-
lished reports and by chemical shift difference minimiza-
tion (17). Ambiguous peaks were left unassigned. Chemical
shift difference (CSD) was calculated as average Euclidean
distance by (0.5(A8y> + 0.17*A8x?))!/? and a threshold of
0.04 used to identify significantly shifted residues (59). Tab-
ulated chemical shift assignments and CSD values are listed
in Supplemental Table S2.

RESULTS

GR-DBD binds to a Gas5 RNA hairpin with comparable
affinity to consensus DNA

Previous in vitro binding studies demonstrated a high
affinity interaction between GR-DBD and Gas5 RNA
(19,20). To further investigate the RNA-binding proper-
ties of GR-DBD, we first benchmarked our samples and
methods against published binding data using a fluores-
cence anisotropy (FA) assay. The consensus DNA gluco-
corticoid response element (GRE) is comprised of two half-
sites (AGAACA) separated by a three base-pair spacer
(13,15,60,61). We found that the (+)GRE consensus se-
quence (referred to here as DNA-GRE) bound GR-DBD
with a Kpapp of 67 £ 7 nM (Figure 1A and D), in good
agreement with the published value of 73 £ 7nM (16). Pub-
lished data shows that the Gas5 hairpin effectively competes
with DNA for binding to GR-DBD exhibiting a Kj ap, of
125 nM (20). We used established methods for 3'-end flu-
orescein labeling of RNA to probe RNA-binding directly
using fluorescence anisotropy (51). For the previously re-
ported Gas5 hairpin (single-stranded regions trimmed, 43-
nucleotide construct), we observe a Kpgapp of 67 £ 9 nM
(Figure 1B and D), in good agreement with the published
K; 4pp, reaffirming the observation that RNA binds in a simi-
lar affinity regime to DNA-binding by GR-DBD. Addition-
ally, we independently confirmed that Gas5 RNA effectively
competes for binding with the consensus DNA construct
(Supplemental Figure S1).
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Figure 1. GR-DBD binds to DNA and RNA with different stoichiome-
tries. DNA and RNA constructs used to determine apparent dissociation
constants (Kp app values are reported with standard error from the mean)
for wild type sequences (left column) and half-site truncations (right col-
umn) for (A) DNA-GRE, (B) Gas5 RNA hairpin and (C) RNA-GRE.
GRE half-sites or equivalent are boxed. Gas5 contains only one putative
GRE-like half-site and so was length-matched to other truncations. (D)
Representative, normalized binding curves for wild type sequences (solid
lines) and half-site truncations (dashed lines) for DNA-GRE (black cir-
cles, n =9), DNA half-site (open black circles, n = 4), Gas5 RNA (red dia-
monds, n = 13), Gas5 truncation (open red diamonds, n = 4), RNA-GRE
(blue squares, n = 4), and RNA-GRE truncation (open blue squares, n =
4). DNA half-site truncation binds too weakly to measure accurately, so
a lower limit was estimated by extrapolating the highest measured value,
marked by (*), as the fully-bound state — error is not reported and is indi-
cated by **.

We assessed cooperative binding to the DNA-GRE and
the Gas5 hairpin by fitting our binding data to the Hill
equation for the wild type GR-DBD construct. The Hill co-
efficient for DNA is 1.3 & 0.1, consistent with the value of
1.4 reported previously (16), and for RNA is 0.93 £ 0.04,
suggesting that while GR-DBD binds with mildly positive
cooperativity to DNA, cooperative binding to RNA is not
observed.
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GR-DBD dimerizes on DNA but not RNA

It is well established that GR-DBD binds to consensus
DNA elements as a dimer in head-to-head orientation with
positive cooperativity (13,15). In a fundamental departure
from this canonical mode of DNA binding, prior NMR
data suggests that GR-DBD does not dimerize upon bind-
ing to a 33-nucleotide Gas5 RNA hairpin (20). Given that
DNA and RNA show nearly identical affinities in our as-
say, we were intrigued by this apparent difference in dimer-
ization behavior. To directly investigate the relative effects
of dimerization on DNA and RNA affinity, we charac-
terized nucleic acid binding using a dimerization mutant
of GR-DBD. Alanine 458 resides in the dimerization loop
and disruption is reported to decouple binding between the
two half-sites (17). GR-DBD with a mutation at this site,
A458T, showed ~3-fold weaker binding to DNA-GRE (220
+ 50 nM) but maintained full affinity for the Gas5 hairpin
construct (70 £ 10 nM) supporting the notion that RNA-
binding is dimerization-independent.

Next, we directly measured the affinity of monomeric
GR-DBD for DNA and RNA by truncation of the oligonu-
cleotide to enforce a 1:1 stoichiometry. The DNA-GRE was
shortened such that only one half-site remained and Gas5
wild type hairpin was truncated to a similar length (Figure
1B). GR-DBD binding to these half-site deletions showed
over 20-fold weaker affinity for DNA (lower limit of 3200
nM* estimated by assuming that the maximum anisotropy
value represents the fully bound state, also see Figure 1 leg-
end) while a similar truncation for Gas5 has little effect (70
4+ 20 nM). Weak binding to the DNA half-site, as opposed
to maintenance for the Gas5 truncation, demonstrates a
fundamental difference in stoichiometry.

RNA-binding by the GR-DBD is driven by electrostatic in-
teractions

The difference in GR-DBD stoichiometry suggests an
underlying disparity between DNA- and RNA-binding
modes. We hypothesized that the RNA-GR-DBD complex
would utilize additional electrostatic contacts to achieve
high affinity at 1:1 stoichiometry. To empirically determine
the contribution of electrostatic interactions to affinity, we
measured the salt dependence of binding for DNA-GRE
and Gas5 RNA (Figure 2A). As expected, both binding
events are highly salt dependent, with thermodynamic anal-
ysis revealing utilization of 6.3 + 0.1 and 8.1 + 0.3 elec-
trostatic contacts for DNA-GRE and Gas5 hairpin RNA,
respectively (Figure 2B). While these values appear similar,
they show a marked difference once corrected for binding
stoichiometry. As GR-DBD binding to DNA-GRE occurs
at 2:1 protein to DNA, there are an average of 3.2 electro-
static contacts per GR-DBD monomer, in good agreement
with available crystal structures of GR-DBD bound as a
dimer to consensus DNA (13,15). Salt-dependent binding
to the DNA half-site shows 4.1 & 0.1 electrostatic contacts,
supporting this observation (Figure 2A and B). When com-
pared to RNA, both DNASs tested employ half of the total
electrostatic contacts per monomer.

To assess whether the enforced 1:1 DNA-binding repre-
sents a similar DNA-bound conformation as the dimer, we
collected the 'H-""N HSQC NMR spectrum for GR-DBD

020z AInr L0 uo 3senb Aq £98905G/081 8/5 L/ yAoelsqe-ojoie/ieu/wo dnoolwapese//:sdjy woly pspeojumoq



8184 Nucleic Acids Research, 2019, Vol. 47, No. 15

A
8.0
Q
- .I
.l
-
.I
7.0 "
. - L
— Q
2 .
2 .
< T "
8 b
6.0 4
5.0 T T T T T
-1.8 1.4 logINaCl -1.0 0.6
B —— et ——
DNA-GRE  DNAhalf-site  Gas5 RNA
Slope 4.4 2.9 5.7
y-intercept 2.8 2.8 1.2
Contacts 6.3 +/-0.1 4.1 +/-0.1 8.1+/-0.3
AG, prostatic  ~25 kJ/mol -17 kJ/mol -33 kJ/mol
AG i lectro  -16 kJ/imol -16 kJ/mol -7 kJ/mol

Figure 2. Salt dependence reveals differences in electrostatic contribu-
tions of binding of GR-DBD to DNA and RNA. (A) Double-log plot
of GR-DBD binding constants versus concentration of sodium chloride
for DNA-GRE (black line, closed circles), DNA half-site (dashed black
line, open circles), and Gas5 RNA hairpin (red line, diamonds). Curves
were fit to the linear salt-dependence equation, as described (56,98). Slope
and y-intercept values are displayed in (B). Experiments were performed in
triplicate and reported with standard error from the mean. R? values are
0.99, 0.99 and 0.99, respectively. (B) Slope, y-intercept, # of electrostatic
contacts, and energetic contributions of electrostatic and non-electrostatic
components calculated at 100 mM sodium chloride.

bound to the single DNA half-site (Supplemental Figure
S2). Chemical shifts agree well with spectra previously ob-
served for the dimer (17), with the primary differences man-
ifesting in the dimerization loop, suggesting the enforced
monomer binds its half site in a similar conformation as
the structurally characterized dimer, albeit with greatly re-
duced affinity. Thus, the recognition of nucleic acid on a per-
protein basis involves significantly more electrostatic inter-
actions to RNA than to DNA, supporting a distinct mode
of recognition.

RNA-binding is not mediated by GRE-derived sequence-
specific contacts

DNA-binding by GR-DBD occurs through base-specific
recognition of the invariant guanine nucleotides within
palindromic half-sites (consensus half-site AGAACA) of
the GRE (13,15,60,61). Gas5 RNA contains a segment re-
sembling this DNA half-site sequence (Figure 1A and B,
compare boxed elements — 66% identity) and is proposed
to act as a GRE-mimic through similar presentation of

A DNA-GRE variant D 48
s AN
5-COAGAACAGAGTATTATGA-3' -AW|Id-type
N Ry LA Truncation
3-GGTCTTGTCTCATAATACT-5 1000 @ Variant
B Gas5 RNA variant c
o
s-geacCcucc  CA GUAGUAUY, &

Il
3’-CCUC, GAGG, , ,GU~.CGUCAUA

e i I00IIIIUG¥d100_

U UAT"C

(o4 RNA-GRE variant
w1
3’-CCUCUUGUUUUAUAAUAGC DNA- Gas5 RNA-
GRE RNA GRE

Figure 3. DNA and RNA do not show similar sequence specificity. Wild
type sequences for (A) DNA-GRE, (B) Gas5 RNA hairpin and (C) RNA-
GRE were changed to ablate a single half-site at base-pairs highlighted
(pink). (D) Kpapp values of wild type sequences (black), half-site trunca-
tions (striped), and half-site variants (pink). Fold change from standard
indicated above bar. DNA-GRE, Gas5 RNA and RNA-GRE variant se-
quences bind with apparent dissociation constants of 320 £+ 40 nM (n = 5),
48 £7nM (n=5)and 44 &+ 10 nM (n = 4), respectively. Half-site sequences
are boxed. (A) Data for wild type and truncation constructs located in Fig-
ure 1D. All data tabulated in Supplemental Table S3.

the guanine nucleotides via a widened RNA major groove
(20). We sought to investigate the role of these guanine nu-
cleotides in binding to GR-DBD for both DNA and RNA,
which show thermodynamically equivalent binding above.
Using the direct binding FA assay, we measured the affin-
ity of guanine variants for each nucleic acid. As expected,
changing G—C pairs to A-T pairs in the DNA consensus
half-site weakens the apparent affinity nearly 5-fold (Kp app
of 320 + 40 nM) (Figure 3A and D). In contrast, similar
variation of one or both of the equivalent guanines in Gas5
shows no effect (Kpapp of 48 £ 7 nM) (Figure 3B and D,
Gas5 G549A in Supplemental Table S3). This unexpected
result demonstrates that the GRE-like sequence element
within the Gas5 hairpin is not specifically recognized and
in fact is not required for high affinity binding.

Given the minimal sequence preference observed for
the Gas5 hairpin binding, we investigated the sequence-
structure features driving binding affinity. To test this, we
rendered the DNA consensus sequence into a uniform RNA
hairpin, termed the RNA-GRE, devoid of bulges, internal
loops, and tandem G—U pairs (Figure 1C). The RNA-GRE
binds to GR-DBD with similar affinity to consensus DNA
and Gas5 hairpin constructs (77 & 10 nM) (Figure 1D).
Like the Gas5 RNA, the RNA-GRE maintains tight affin-
ity even when the consensus half-site is ablated (44 & 10 nM)
or truncated (120 + 20 nM) (Figures 1C and D, 3C and D).
These results suggest that GR-DBD has a more broad and
flexible RNA-binding capacity than anticipated, in contrast
to other reports (19,20).

High affinity RNA-binding by GR-DBD requires a hairpin
RNA structure

The maintenance of high affinity binding in the absence of
stem features, in addition to the lack of sequence specificity
observed for the Gas5 hairpin, pointed to the tetraloop
(4-base loop) as the commonly recognized feature. To test
whether the hairpin is required for high affinity binding, we
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created a double-stranded RNA (dsRNA) construct con-
taining the same sequence as the RNA-GRE with the loop
ablated (Figure 4A). Unexpectedly, we observe a dramatic
decrease in binding affinity. Due to this weak binding, it is
difficult to measure the dissociation constant with high cer-
tainty; estimating the a Kp,pp value by assuming that the
maximum anisotropy value represents the fully bound state
reveals a lower limit of 3500 nM for dSRNA-GRE binding,
representing at least an 30-fold reduction in affinity. We used
melting temperature and gel shift analysis to confirm that
the dsSRNA construct annealed as expected and remained
double-stranded over the course of the experiment (Supple-
mentary Figure S3). Similarly, a DNA/RNA hybrid duplex
of the same length and sequence showed binding too weak
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to measure accurately (Supplemental Table S3), suggesting
a solely A-form helix does not support binding.

These results suggest that a hairpin, as opposed to just
dsRNA, is required for high affinity binding to GR-DBD.
To further test this hypothesis, we designed a rescue con-
struct via circular permutation of the RNA-GRE by adding
back a tetraloop to the opposing end of the duplex. This
rescued hairpin binds with 65 £ 10 nM affinity (Figure 4 B)
suggesting that the hairpin structure is sufficient to confer
high affinity regardless of orientation and sequence context.

To test the effect of terminal loop for the Gas5 wild type
hairpin, we similarly rendered this stem as a dSRNA con-
struct (dsRNA-Gas5). To create constructs with tractable
melting temperatures for in vitro binding, we created two
separate constructs: (i) adding a 3-base-pair GC-clamp (op-
posite the former loop), termed ‘dsRNA-Gas5-GC’ and
(i1) eliminating bulges and internal loops, termed ‘Full-
Repair’. Annealing was confirmed by direct melting temper-
ature measurement as above (dsSRNA-Gas5-GC: predicted
68.6°C, measured 68°C; Full-Repair: predicted 82°C, mea-
sured 78°C). We attempted to measure the affinity of these
dsRNA constructs for GR-DBD, but similarly were not
able to determine the affinity due to no observed change
in anisotropy over the course of the titration up to protein
concentrations of 10 wM (Supplemental Table S3). These
results affirm that wild type Gas5 hairpin requires the loop
for high affinity.

Given that the dsRNA-GRE construct removes the
longest contiguous single-stranded segment of the RNA-
GRE construct (the loop), we tested whether the degree
of single-stranded character correlates with affinity. Using
the dSRNA-GRE as a platform, we designed a set of con-
structs that maintain the double-stranded region while se-
quentially increasing the single-stranded overhang up to 18
nucleotides (Supplemental Figure S4). For all RNAs tested,
we observe no detectable binding over the course of the
titration (Supplemental Table S3), indicating that high affin-
ity binding is not conferred by the simple coincidence of
single- and double-stranded elements.

GR-DBD binds well to several biological RNA hairpins

GR-DBD is proposed to specifically recognize the Gas5
RNA via a GRE-mimic sequence-a discrete hairpin span-
ning nucleotides 538-576 (19,20). GasS is more than 600
nucleotides in length and predicted to be highly structured
(62-64). Based on our results showing that GR-DBD binds
a range of hairpin structures, we reexamined the ability of
GR-DBD to bind other Gas5-derived hairpins. An addi-
tional three predicted Gas5-derived hairpins with no dis-
cernable sequence similarity to the Gas5 GRE-mimic se-
quence were tested for binding (all length-matched 59-
nucleotide constructs, Supplemental Figure S4). All four
Gas5-derived hairpin constructs bind with similar high
affinity with Kp ,pp values of 15 &£ 3, 31 & 10, 60 £ 20 and
17 + 2 nM, respectively (Supplementary Table S3). This
demonstrates that GR-DBD is not able to discriminate be-
tween Gas5 hairpins in an isolated context.

Given the high affinity observed across all Gas5-derived
hairpins tested, we hypothesized that GR-DBD may inter-
act with unrelated hairpins with similar affinity. We ob-
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tained RNA hairpin constructs derived from the human
IncRNAs ES2 and Xist and observe 130 + 40 and 66 + 10
nM affinity for GR-DBD, respectively, suggesting a modest
level of differential binding, but overall robust binding to
unrelated hairpin structures (Supplemental Figure S4, Sup-
plemental Table S3) (65,66).

High affinity RNA-binding by GR-DBD is supported by a
range of hairpin structures

RNA hairpin structures are required for high-affinity recog-
nition by GR-DBD, but the specific elements present in
this context may also contribute to binding. To iden-
tify contributing elements, we modified duplex and loop
length separately to systematically eliminate putative fea-
tures (e.g., internal loops, bulges, G—U wobble-pairs) by re-
placement with single-stranded sequences (CA-repeats or
single-stranded RNA linker, AUACAAC, from the unre-
lated env$ hydroxycobalamin riboswitch (67)) while control-
ling for length. To test duplex length, Gas5 hairpin RNA
was essentially ‘unzipped’ from the base of the stem, moving
towards the loop, to give paired regions of 13,9, 7 and 4 bp,
yielding Kp aqj values (compared to Gas5 wild type hairpin,
see methods) of 66 + 20, 72 + 10, 51 £+ 20 and 120 + 30 nM,
respectively (Supplemental Figure S4, Supplemental Table
S3). This series demonstrates that a 4-base-pair stem loop is
sufficient for binding and suggests that the sequence of the
Gas5 stem is not a determining factor.

We next investigated how sequence and length of the
loop of the hairpin dictate affinity by creating a series of
RNA loop expansion and substitution variants and mea-
sured affinity for GR-DBD (Figure 4C and D, Supplemen-
tal Figure S4). Essentially, Gas5 hairpin RNA was opened
from the loop down, while maintaining construct length.
We measured the affinity for predicted loop sequences of
15-nt and 25-nt which bind with 32 £+ 5, and 67 = 9 nM
affinity, respectively (Figure 4C-E). As all loop expansion
variants maintain affinity equal to or tighter than the wild
type Gas5 hairpin, we determined that loop length is not a
determining factor for binding.

All RNA hairpins engage GR-DBD equivalently as assessed
by NMR

The high binding affinities exhibited by the GR-DBD
across a wide range of RNA hairpins suggests that GR-
DBD is capable of broad RNA recognition. To determine
the scope of GR-DBD surfaces used to engage RNA,
we used 'H-'>’N HSQC NMR experiments to probe the
GR-DBD in several RNA-bound complexes. The reported
'H->N HSQC spectrum for GR-DBD bound to a 33-
nucleotide derivative of the Gas5 RNA hairpin finds no-
table chemical shift changes in the reading helix (a-helix
1) of the DBD, consistent with competitive binding and
suggesting a similar interface for DNA and RNA (20).
To compare these data with our 43-nucleotide Gas5 RNA
hairpin construct, we collected 'H-""N HSQC spectra for
GR-DBD in the free and Gas5 RNA-bound state and
transferred resonance assignments from published free and
DNA-bound spectra using chemical shift difference (CSD)
minimization (90% and 88% of cross peaks could be as-
signed for free and Gas5 RNA hairpin-bound, respectively)

(Figure 5A) (17). The 43-nucleotide and 33-nucleotide
derivatives of the Gas5 RNA hairpin exhibit nearly iden-
tical spectra with the exception that we observed less peak
broadening and were able to make additional assignments,
perhaps due to the reduced pH of the complex samples used
in our NMR experiments. The RNA-bound GR-DBD ex-
hibits smaller magnitude CSD values than for DNA-bound,
as seen previously (17,20).

The similar affinities observed for GR-DBD binding
RNA-GRE and Gas5 RNA hairpin constructs iz vitro mo-
tivated comparison of bound conformations by NMR. The
RNA-GRE contains a uniform stem (i.e., no predicted in-
ternal loops, bulges or wobble-pairs) yet maintains high
affinity binding by the presence of the stem loop. An overlay
of the "H-"N HSQC spectra for GR-DBD bound to Gas5
RNA and RNA-GRE complexes reveals striking similari-
ties, suggesting that these RNAs bind via the same inter-
face and binding mode (Figure 5B and C). GR-DBD com-
plex with dSRNA-GRE, which does not contain a termi-
nal loop, again produced a similar spectrum despite signif-
icantly weaker affinity (Figure 5B and C). Direct compari-
son of the GR-DBD chemical shifts across all RNA-bound
spectra indicates highly similar protein bound states that are
distinct from both free and DNA-bound protein, suggesting
a discrete and conserved RNA-bound state.

Comparative NMR chemical shift mapping and protein mu-
tagenesis support overlapping yet distinct binding modes for
DNA and RNA engagement

Comparison of spectra for GR-DBD bound to DNA half-
site and Gas5 RNA was used to identify differentially af-
fected residues that could point to the origins of the ob-
served differential affinities (Figure 5C and D, Supplemen-
tal Table S2). The surface maps of the DNA and RNA
interfaces for GR-DBD are distinct yet partially overlap-
ping (Supplemental Figure S5). Differential chemical shift
changes were noted in a-helices 1 and 2, as follows, and pre-
dictions were tested by site-directed mutagenesis. K442 and
K446 (a-helix 1) show significant CSD values for DNA-
bound, but not RNA-bound states (Figure SA and B, Sup-
plemental Table S2), suggesting this ‘reading’ helix con-
tributes disproportionately to DNA binding. Indeed, the
a-helix 1 double-mutant (K442A/K446A) shows 20-fold
weaker DNA affinity (1300 £ 300 nM) and 4-fold weaker
RNA affinity (260 + 20 nM); the 5-fold difference sug-
gests that a-helix 1 is primarily used for DNA recogni-
tion. a-helix 2 makes both DNA-protein and protein—
protein contacts and CSD values for K467 and R470 are
emphasized in the RNA-bound state. The a-helix 2 mu-
tant (K467A/R470A) shows dramatically weakened bind-
ing to both nucleic acid constructs (too weak to measure,
>2000 nM), indicating critical involvement at both inter-
faces. These results suggest that while a-helix 1 is involved
to some extent in both DNA and RNA interfaces it con-
tributes most to DNA-binding; in contrast «-helix 2 is re-
quired for both high affinity interactions.

Alanine scanning implicates «-helix 4 in recognition of RNA

The salt dependence study suggests that electrostatic inter-
actions play an even greater role in RNA binding than DNA
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Figure 6. Role of electrostatic residues in DNA- and RNA-binding. Ala-
nine scan of arginine and lysine residues (17 total) of the GR-DBD. Mag-
nitude of mutant Kp el (Kpmut + Kp,wr) for binding to DNA (upward)
and RNA (downwards) by alanine mutants, as indicated. Boxes separate
distinct features of the GR-DBD: a-helix 1, dimer-loop (D) and «-helices
2-4. Mutant Kp rj values are colored by fold change from wild type DBD:
<2 (white), 2-5 (blue), 5-10 (purple), >10 (red). All experiments were per-
formed at least in triplicate with error reported as standard error from the
mean.

binding, suggesting there could be positively charged amino
acids that differentially participate in nucleic acid recogni-
tion. To determine if mutagenesis of a charged site could
confer separation-of-function, we performed a comprehen-
sive alanine scan of the 17 arginine and lysine residues of
the GR-DBD and measured the affinities of this panel of
mutants for DNA-GRE and Gas5 RNA (Figure 6, Sup-
plemental Table S4). While mutation of some charged sites
had negligible impact on binding, most had an impact
on nucleic acid binding, with differential effects observed
on DNA versus RNA binding. Alanine substitutions in
the reading helix (a-helix 1) show major defects in DNA-
binding with up to 30-fold weaker affinity (R447A), as ex-
pected, while RNA-binding remains relatively unaffected
by these mutations. Alanine substitutions in a-helices 2 and
3 show effects on both ligands, with larger effects on DNA
than RNA (K471A, R479A, K480A). Conversely, a-helix 4,
which is observed as either ordered or disordered in crystal
structures of GR-DBD (13,15,16,68), shows largely RNA-
specific defects. K492A of a-helix 4 displays the largest ob-
served decrease in RNA affinity with more than 10-fold
weaker binding. This suggests a dominant electrostatic role
of helix 4 at the RNA interface.

DISCUSSION

We have determined that GR-DBD is a robust structure-
specific RNA-binding domain that binds to a diverse range
of RNA hairpin motifs—both synthetic and biologically
derived—with nanomolar (103 to 10~7 M) affinities. This is
consistent with observations that GR binds cellular RNAs,
including tRNA, mRNA and Gas5 IncRNA (19-22,69).
However, these findings are distinct from reports that de-
scribe a dSDNA GRE-like element in Gas5 RNA as re-
quired for binding to GR-DBD (20). We were unable to
recapitulate this sequence-dependent binding defect, per-

haps because the Gas5-derived duplex used for prior in vitro
specificity studies lacks an RNA terminal loop and binds
with relatively weak 800 nM affinity (20). Instead, we ob-
serve that variants of GRE-like elements in RNA do not
show significant binding defects, supporting a structure-
specific rather than sequence-specific binding mode. Most
importantly, our data do not support a sequence-specific
DNA mimicry model. Other factors may contribute to
specificity observed in vivo, including RNA tertiary struc-
ture, additional RNA-binding proteins, and RNA abun-
dance and localization.

Instead of binding RNAs that serve as mimics of GRE
dsDNA, we have determined that GR-DBD requires an
RNA hairpin for high affinity binding. There are sev-
eral structural constraints to contemplate when considering
how the GR-DBD interacts with hairpin RNAs. Canoni-
cal RNA structures adopt A-form geometry characterized
by a deep, narrow major groove typically incompatible with
binding by structured protein elements. However, loop- or
bulge-proximal major grooves of RNAs are often wider
than canonical A-form helix, allowing structured protein
elements to bind. Known examples of this type of recog-
nition include phage $21-BoxB RNA and HIV-1 Rev-RRE
RNA, where a-helical protein structures fit in RNA major
grooves near loops or bulges similar in width to the B-form
DNA structure recognized by GR-DBD (13,70-73). Thus,
the RNA stem loop motifs bound by GR-DBD may offer
accessible conformations for high affinity accommodation
of a-helical elements mediated by the junction of the helix
and loop that optimizes the shape of the helix for recogni-
tion.

Even though the binding of RNA and DNA by GR-DBD
is competitive, the details of the binding interactions dif-
fer suggesting distinct binding modes of the protein are em-
ployed for DNA versus RNA recognition. Specifically, the
reading helix of GR-DBD that is key for sequence-specific
DNA recognition is less important for RNA-binding. In
contrast, a-helix 4 appears to be specific for interaction
with RNA. Relatively little is known about the role of this
helix in binding dsDNA. The helix appears in two crystal
structures of the GR-DBD, one free and one DNA-bound,
and may directly contact the minor groove of DNA (15,68).
However, most crystals lack density for this region suggest-
ing a flexible and disordered element (13,15,16) and exist-
ing solution NMR structures omit these residues (74,75).
Perhaps due to its relative flexibility and high charge den-
sity, a-helix 4 allows accommodation of diverse RNA se-
quences with high affinity. Importantly, the basic residues
of a-helix 4 are not well conserved outside of the a-keto
receptors (mineralocorticoid receptor, androgen receptor,
and progesterone receptor) and may explain differences in
RNA-binding across the nuclear receptor family observed
previously (20). For example, only two of six arginine and
lysine residues are conserved in estrogen receptor, which
is reported to not bind to RNA (Supplemental Table S4)
(20). Similar low conservation persists across the rest of the
family and suggests that the a-keto receptors may exhibit
uniquely high affinity RNA-binding among nuclear recep-
tors. This utilization of a basic protein tail to bind RNA is
an emerging theme in RNA recognition (76,77).
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Figure 7. Proposed mechanism for RNA-binding function in vivo. Relative
affinities for DNA and RNA in vivo may dictate mechanism. (A) Accumu-
lation of RNA near a high affinity GRE may serve to maintain a high local
concentration of GR for signal amplification. (B) TF-activated transcrip-
tion may accumulate either enhancer RNA or mRNA that serves to re-
cruit GR to sites of active transcription. (C) Accumulation of RNA near a
low affinity GRE may attenuate DNA-binding, particularly for monomer-
bound DNA.

In the cell, the GR-DBD is integral for the function of
the receptor where ligand-activated GR alters gene expres-
sion through direct DNA-binding to GREs (78,79). Our re-
sults suggest that GR RNA-binding activity, which is in the
same affinity regime as DNA-binding (15,16), may affect its
nuclear function several ways. Recent reports indicate that
activated GR is quickly recruited to transcribed enhancers
and was separately shown to bind directly to nascent RNA
(Figure 7A) (80,81). It is worth considering that favorable
protein-protein interactions and general cooperativity be-
tween TFs may drive sequence-specific DNA recognition
even through a sea of high affinity RNA molecules, for ex-
ample through previously described interactions between
GR and transcription factors AP-1 and NF-kB (1,82,83).
After recruitment, active transcription and tethered tran-
scripts may serve as GR binding sites that retain GR at
high local concentrations for signal maintenance (Figure
7B). GR is also more quickly exchanged on DNA when
compared to other transcription factors, a possible expla-
nation being that RNA competes for binding to disassem-
ble GR from DNA (84-87). In this way, RNA may par-
ticipate as a transcription-dependent competitor to act as
a tunable, self-regulating off switch in the nucleus (Figure
7C). Conversely, RNA-binding may also play a role prior
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to ligand activation, when GR resides in the cytoplasm as a
monomer bound to chaperones proteins (1,88). Delineation
of the role of RNA-binding in vivo warrants further charac-
terization to test these models, in particular with respect to
post-translational modifications (89).

Tight binding between TFs and RNA is emerging as a
broad phenomenon with potentially significant biological
impact (90). Many TFs have been identified in studies of
the RNA-bound proteome, hinting at extensive functional
modulations through direct binding (46,91). In depth stud-
ies of the RNA-binding activities of several transcription
factors, including SMAD3 and NF-«kB, show that RNA
preference does not correlate to DNA sequence recogni-
tion although binding occurs via the same interface, a
clear parallel to our findings (35,37,38). Rather, SMAD3
binds with high affinity to RNAs containing large internal
loops or bulges and NF-«kB binds to distorted RNA he-
lices that structurally mimic DNA (35,37,38). Additional
examples include, p53, NF-YA, Sox2, Myc, TFIIIA, and
YY1, among others—in all of these cases, it is proposed
that RNA-binding modulates genomic DNA-binding in
vivo (32,33,39-42,66,89,90,92-97).

In summary, we have demonstrated that high affin-
ity RNA-binding by the GR-DBD occurs in a structure-
specific rather than sequence-specific mode through a sim-
ilar, but not identical, binding interface. This implicates
broad engagement of GR with RNA partners, providing
new avenues for the regulation of TF activity by RNAs.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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